teriophages were transported at rates up to 3 times faster than nonreactive solute tracers. The difference in transport rates was attributed to diffusion of the solutes but not the much larger bacteriophages into the matrix pore water. In field tracer experiments in fractured crystalline rock [Champ and Schroeter, 1988] , colloid-sized bacteria traveled more rapidly than the solutes Na fluorescein and 82Br. The authors did not explain the difference in transport rates, but it is possible that even in this low-porosity medium diffusion of the solutes, but not the colloids, into matrix pore water, microfractures, or small-aperture regions of the main fractures is significant. In a field tracer experiment in a, presumably fractured, sandstone and boulder clay in Wales, Martin and Thomas [1974] observed transport of a colloidal bacteriophage a distance of up to 570 m in 3 days, which indicates that flow velocities in a fractured material can be very high.
The objectives of the study described in this paper are, for a weathered and fractured clay, to determine, at the field scale, the influence of matrix diffusion on transport of nonreactive solutes; to test the feasibility of using colloidal tracers as indicators of flow velocity; to develop and test field monitoring methods; and to assess modeling strategies for application to solute transport. EXPERIMENTAL 
METHODS

Experimental Setup
The experiment was performed in the shallow weathered and fractured zone of a thick clay till deposit at the Laidlaw (formerly Tricil) Industrial Waste Disposal Facility near Sarnia, Ontario, Canada. The experimental setup, measurements of hydraulic conductivity and fracture spacing, and calculated values of hydraulic aperture are described by McKay et al. [1993a] and are summarized in this section.
A system of three parallel trenches, each 5.5 m deep and 7 m long, with spacings between trenches of 4 and 6.2 m, was constructed (Figure l a) . Along the walls of the trenches, fracture spacings and orientations were mapped, and 70 seepage collectors, each 0.24 x 0.27 m, were installed to collect lateral infiltration (Figure lb) . The trenches were then backfilled with clean gravel, and roofs and plastic ground covers were constructed to limit infiltration of precipitation into the system. Water levels in the trenches were controlled by adding water to the central, or source trench, and pumping from the two receiver trenches. An overall lateral hydraulic gradient of approximately 0.24 was maintained between the source trench and the receiver trenches.
Field hydraulic conductivity values were determined based on measured discharge to the seepage collectors, 
Solute Transport Experiments
At the start of the solute tracer experiment on August 5, !988, the flow system was at steady state due to continuous operation of the trench inflow/discharge system for two months using clean groundwater from the tills. The tracer solution used for the first 300 days of the experiment The bacteriophages were added to a steel tank on site containing 17,000 L of surface water from the local municipal supply. Sodium thiosulphate (5 mg/L) was added to the tank to reduce residual chlorine from the municipal treatment plant. Iodide (9 rag/L) was also added as a relatively nonreactive tracer and was used mainly to indicate whether there was any cross contamination between the trenches due to the sampling procedure. Approximately 14,000 L of this solution (80% of the trench pore volume) was flushed through the gravel-filled source trench in 4 hours, and then the water in the trench was mixed by pumping between wells set in the gravel. The remaining tracer solution was added to the source trench over the following 9 days to maintain a constant water level.
During the experiment, samples were taken for determining bacteriophage and iodide concentrations from the source trench and from selected seepage collectors in the receiver trenches. Additional samples for determining iodide concentrations were taken from the piezometers. The bacteriophage samples were packed in ice and sent by overnight courier to the University of Arizona for analysis. Assays were performed using a plaque-forming unit (pfu) method with a detection limit of 1 pfu per 10 mL sample (or 0.1 pfu/mL). This method was capable of detecting only the viable bacteriophage and could not detect deactivated (dead) phage.
RESULTS AND DISCUSSION
Bromide Transport and Comparison of Monitoring
Methods
Each of the four monitoring methods provides pore water samples in a different portion of the fractured till or at a difficult to measure, so there is a large degree of uncertainty in determining whether or not an EPM approach is suitable for a given site. Generally, deposits which are highly fractured are more likely to be suitable for modeling using an EPM approach, but there are very few published field examples with which the groundwater practitioner can compare a given site. Pankow et al. [1986] found that for a contaminated site in highly fractured silts (fracture spacing, 0.003 m) the plume was adequately modeled using an EPM approach, but for a contaminated site in fractured shale (spacing, 0.05-0.35 m) the distribution of the plume was very erratic and could not be modeled using the EPM approach.
tracers (Table 2). It is possible that infiltration of precipitation enriched with the heavy isotopes is at least
Discrete Fracture Transport Model
Parametric analysis. A sensitivity analysis for solute transport was performed using the discrete fracture model to determine the influence of input parameters relative to the field scale results (Figure 12 ). Input parameters (Table 4) were selected for a "base case" using the values determined from the field measurements described by McKay et al. 6.1 x 10 -9 9 0.9 1.1 x 10-7 24 7.2 ß" *"Hydraulic" values calculated from measured hydraulic conductivity and measured fracture spacing using the cubic law.
?"Transport" values based on best fit with discrete fracture/porous matrix transport model. The experiments clearly show that dissolved contaminants, although strongly retarded by matrix diffusion, can still migrate laterally at environmentally significant rates in some fractured clay deposits. Remediation of a solute plume in fractured clay would also be strongly influenced by matrix diffusion. In a scenario where clean water is flushed through a previously contaminated fractured clay the solute would slowly diffuse out of the matrix and back into the fractures, where it would be advected away. Since most of the solute mass is expected to reside in the matrix, it could take many years, or many pore volumes, to flush out the contaminant. Remediation efforts in fractured clays by the introduction of contaminant-transforming microbes would also be influenced by diffusion. The microbes may be rapidly transported along the fractures but would not likely migrate very far into the matrix. As a result, the rate of remediation of contaminants would still depend on the rate of diffusion from the matrix to the fractures.
